Introduction
Information on wood resources and their economic value is needed for forest resource management decisions such as management planning ( Rauscher et al. , 2005 ) and wood procurement ( Harstela, 1997 ) . Along with the volume of wood, the volumes and proportions of the potential timber assortments are usually essential for well-informed decision making. Furthermore, timber assortment volumes are needed in order to estimate the economic value of the timber.
The main timber assortments are sawlogs vs pulpwood, based on size and quality criteria. Sawlogs can be further divided into special assortments, such as veneer, poles. Pulpwood can include fi rewood and some low-value saw timber, e.g. small-diameter sawlogs, in addition to pulpwood. Thus, the value of the wood as a raw material is mainly dependent on recovery of the most valuable timber assortment sawlogs.
One of the forest owner ' s most important objectives when selling timber is to achieve the highest net income possible from the stands to be sold The use of airborne laser scanning to estimate sawlog volumes
Summary
This study of estimation of the sawlog volume of clear-cut stands from airborne laser scanning data considers both theoretical and factual recoveries. Theoretical sawlog volume estimates for the trees were calculated with a taper curve and factual estimates were obtained by multiplying the result by a model-based sawlog reduction factor, to allow for defects. Dominant tree species-specifi c models for the estimation of sawlog volumes per hectare were constructed with laser-based canopy height metrics as independent variables. The models were tested with the use of independently collected test data that consisted of 14 harvester-measured forest stands. Test data included information on the tapering of the stems and the volumes of the actually harvested assortments. The results indicate that the direct laser models are capable of producing satisfactory estimates for both the theoretical and the factual sawlog volumes of a clear-cut stand, with root mean squared errors of 9.1 and 18.0 per cent in the test data, respectively. In conclusion, the method presented here is quite suitable for pre-harvest estimation of sawlog volume, even though in cases where unpredictable defects (e.g. decay as a result of disease) exist the sawlog recoveries may be signifi cantly overestimated.
(e.g. Amacher et al. , 2003 ) . In practice, this means that if the cut-to-length harvesting method and pricing based on the unit values of different timber assortments are used, timber should be sold to the buyer who cuts the most valuable assortments and pays the best total price for them . Along with the total volume of timber to be sold, the rate of sawlog recovery is the factor that most affects the forest owner ' s income. If the owner is unable to predict the assortments, a comparison of different bids is not possible. Imperfect information on stand properties and possible value recoveries can lead to a decrease in net income. Hubbard and Abt (1989) noted that assistance provided for forest owners during timber sales, including technical on-site and market assistance, increased their returns, especially in the case of highly valued stands.
A growing interest has been recently shown in a new pricing system in Finland and Sweden that is based on a constant unit price for wood in a stem irrespective of log assortments that may be obtained. This unit price can be determined according to the average stem size, for example, or by the general quality of the stand, both of which are factors that will affect the sawlog recovery. This ' stem pricing system ' is easy to understand and straightforward to apply, from the forest owner ' s point of view. However, prior information about the stands is needed in order to calculate the potential value for decision-making purposes, i.e. to determine how much each timber procurement company is likely to pay for the timber in each stand.
Timber assortment recoveries achievable with the cut-to-length method in boreal forests have been estimated using timber assortment recovery models ( Nyyssönen and Ojansuu, 1982 ; Päivinen, 1983 ; PMP-ohje, 1987 ; Maltamo and Uuttera, 1994 ; Kangas and Maltamo, 2002 ) , nonparametric methods based on existing stem databases that includes timber assortment recoveries ( Tommola et al. , 1999 ; Weijo, 2000 ; Malinen et al. , 2001 ) and bucking simulations for individual stems ( Ahonen and Mäkelä, 1995 ; Väätäinen, 1998 ; Malinen et al. , 2001 ; Malinen, 2003 ) . However, non-parametric methods and bucking simulations require a database for prediction purposes, which limits their application. In addition, assortment recovery models, in general, are incapable of considering technical defects in the stem, which can also affect the assortment recovery. Consequently, a variety of other models have been created for the prediction of reductions in the timber assortment recovery volumes due to stem or stand defects ( Vähäsaari, 1988 ; Mehtätalo, 2002 ) .
Prior information needed for the prediction of timber assortment recoveries can be provided by ground sampling or with the use of existing inventory data. Ground sampling methods are laborious and therefore not extensively used in practical forestry. Equally, methods based on the use of existing information, e.g. forest planning data, are somewhat uncertain as the data may not be up to date or lack the areal coverage.
The development of three-dimensional airborne laser scanning (ALS) methodology in recent years has offered new possibilities for the prediction of stand characteristics of interest. Discrete-return ALS sensors with a small footprint diameter (10 -30 cm) produce accurate information about the tree canopy because the quantiles of the height distribution in laser scanner data are related to the vertical structure of the tree canopy (see Naesset, 1997 ; Magnussen and Boudewyn, 1998 ) . Numerous studies have shown that both the recognition of individual trees in ALS data, applied in the case of high point density ALS data, and plot-level utilization of appropriate characteristics of the canopy height distribution, usually applied in the case of low point density ALS data, can produce highly accurate estimates for forest variables (see Naesset, 1997 ; Magnussen and Boudewyn, 1998 ; Hyyppä et al. , 2001 ; Persson et al. , 2002 ; Lim et al. , 2003 ; Maltamo et al. , 2006 ) . Maltamo et al. (2006) , for example, obtained a percent root mean squared error (RMSE%) of ~ 6 per cent for stand-level volume, and ALS-based practical forest inventories have already been conducted in Norway ( Naesset, 2004 ) . Most of the studies have so far concentrated on predicting total stand characteristics; timber assortments and other characteristics have received little attention.
The aim here was to test the performance of an ALS-based canopy height distribution method for the estimation of sawlog volume of a stand before clear cutting. For this purpose, models for the prediction of sawlog volume, both theoretical and factual (i.e. sawlog recoveries corrected with reference to the reduction due to defects), were created with measured plot volumes as dependent variables and ALS-derived canopy height metrics as independent variables. The models were tested on a stand scale by predicting sawlog volumes for 14 Global Positioning System (GPS) located stands, which had been clear-cut after laser scanning. The predictions were then compared with theoretical and factual sawlog volumes derived from the harvester data.
Materials and methods

The study area
The Matalansalo study area ( ~ 1200 ha) located in the municipality of Varkaus in Eastern Finland is a typical Finnish southern boreal managed forest area and is owned by UPM-Kymmene Ltd. The area is dominated by coniferous tree species, i.e. Scots pine ( Pinus sylvestris L.) and Norway spruce ( Picea abies (L.) Karst.), whereas deciduous trees, mainly birch species ( Betula pubescens Ehrh. and Betula pendula Roth), are usually minor components of the stand. The proportions of the site fertility classes ( Cajander, 1949 ) 
Field measurements and calculation of plot characteristics
Both the remote sensing material and the fi eld data were acquired in the summer of 2004. A total of 472 sample plots of 9 m radius were established in 67 randomly located stands in the Matalansalo area, and the GPS was used to determine the position of the centre of each to an accuracy of ~ 1 m. Between fi ve and nine sample plots were systematically placed in each stand (for the principle of their positioning, see Laasasenaho and Päivinen, 1986 ) . The average distance between the plots was ~ 50 m. The diameter at breast height (d.b.h.), i.e. the diameter at the height of 1.3 m, tree and storey class and species were recorded for all trees over 5 cm thick (d.b.h.) , and the height of one sample tree of each species and storey class was measured on each sample plot. The speciesspecifi c height models of Veltheim (1987) were used to calculate the heights of the rest of the trees. The heights of the sample trees were used to calibrate the results of the height models to plot level. The volume models of Laasasenaho (1982) were used to calculate tree volumes.
The theoretical sawlog volumes were calculated using taper curve models ( Laasasenaho, 1982 ) . The proportion of the sawlog-sized stem was defi ned in terms of species-specifi c minimum dimensions, which were a minimum diameter and minimum length of 15 cm and 37 dm, 16 cm and 31 dm and 18 cm and 33 dm for pine, spruce and deciduous species, respectively. These minimum dimensions were the same as those used in the harvesters ' log length -diameter matrix during clear cutting. To achieve any sawlog volume at all, the height where the stem diameter fi rst fell below the minimum diameter had to be higher than or equal to the predefi ned minimum length for a sawlog. This height was calculated for each tree in the modelling data by means of the taper curve model, employing tree species, d.b.h. and height as the input parameters. To obtain an estimate for the factual sawlog volume, the theoretical sawlog volume calculated for each tree in the data was multiplied by a sawlog reduction factor, which takes into account decay and other defects that affect the sawlog recovery. The tree-level reduction factors were predicted with the use of a model built with the use of using Finnish National Forest Inventory data ( Mehtätalo, 2002 ) . This model requires multiple input variables that include tree diameter, age, geographical location and site fertility, of which age and site fertility were obtained from existing stand registers.
The tree-wise results were summed by plot, and plot characteristics (DGM, diameter of basal area median tree (cm); HGM, height of basal area median tree (m); N, number of trees (n); V, total volume (m 3 ); theoretical sawlog volume (m 3 ) and estimated factual sawlog recovery (m 3 )) were then multiplied out to the hectare level. After exclusion of the plots that had no sawlog-sized trees, or were not pine or spruce dominated, from the data, a total of 408 plots remained for the construction of the theoretical and factual sawlog models. These 408 plots were further divided by dominant tree species, and plots dominated by pine (253 plots) and spruce (155 plots) were used to construct separate sawlog models for both Pine data: n = 253; spruce data: n = 155. DGM, diameter of the basal area median tree; HGM, height of the basal area median tree; N, stand density; V, standing volume.
species. A summary of the modelling data by species is presented in Table 1 .
Laser scanner data
A georeferenced point cloud dataset was collected from Matalansalo on 4 August 2004 using an Optech ALTM 2033 scanner. Three Differential GPS receivers were employed to record the carrying platform position: one on the aircraft and two on the ground (the fi rst as the base station and the second as a backup). The laser scanner survey provided a point cloud in which the x , y and z coordinates of the points were known. The test site was surveyed from an altitude of 1500 m above ground level, using a fi eld of view of 30°. This resulted in a swath width of ~ 800 m and a nominal sampling density of ~ 0.7 measurements per square metre, i.e. ~ 180 measurements per plot. The accuracy was 0.75 m on the x and y coordinates and 0.25 m on the z coordinate. Both the fi rst and the last pulse data were recorded.
In order to generate a digital terrain model (DTM) from the laser scanner data, the points refl ected from non-ground objects such as trees and buildings must be classifi ed as non-ground hits. In this case, the laser point clouds were fi rst classifi ed by means of the TerraScan software (see www.terrasolid.fi ) to separate the ground points from other points (method explained in Axelsson, 2000 ) and a raster DTM was then created from the classifi ed ground points by calculating their mean values within each 1-m raster cell. Values for raster cells with no data were derived by Delaunay triangulation and the bilinear interpolation method.
Canopy heights ( z values) were calculated as the difference between the orthometric heights of laser hits and the estimated ground elevation values at the corresponding locations. Points for which the canopy height values were over 2 m were expected to be vegetation hits (see Naesset, 2002 ) . Different height metrics for the sample plots were calculated from the laser-based canopy height distribution ( Naesset, 2004 ) . These included canopy height percentiles for 10, 20, … , 80, 90 per cent ( h 10 , … , h 90 ), where h q = z value from the ordered list of laser pulse heights at a value corresponding to A q calculated with equation (1) :
where q = desired quantile, h i = height of pulse i , A q = cumulative sum of pulse heights below q and n = number of pulses in the area of interest. Proportional canopy densities ( p 10 , … , p 90 ) (per cent) were also calculated for each of these quantiles: p q = n Aq / n , where n Aq = index of cumulative laser pulse height distribution at point A q . Finally, the plot-wise standard deviation (SD), mean, coefficient of variation and proportion of vegetation hits were computed from the height distribution. All these characteristics were calculated for both fi rst and last pulse data and were used as independent variables in the regression analysis.
Model construction
The laser-based models for theoretical and factual sawlog volume of the pine-and sprucedominated sample plots were constructed using SPSS ( SPSS Base 15.0 User's Guide, 2006 ) and R statistical analysis software ( R Development Core Team, 2007 ) . The modelling process began in each case by calculating logarithmic, square, square root and inverse transformations for each laser predictor (described above). A subset of these calculated predictors was then determined with the SPSS stepwise model construction procedure ( Draper and Smith, 1981 ) , which was used in an attempt to discover the best of the various multicollinear predictor variables calculated from the height distribution. The fi nal shape of the model was decided based on the residual plots and r -squared values of the alternative model candidates, for which the predictors were chosen from the determined subset of predictors. As several plots were measured on each stand, the hierarchical nature of the modelling data had to be considered, and thus the fi nal coeffi cients for the model were estimated with the R mixed model fi tting function with stand number as the random parameter. To correct for non-constant variance and non-normality of error terms, a square root transformation was carried out on the modelleddependent variable. Due to this transformation, a bias correction was needed when using the models ( Lappi, 1993 ) . To obtain unbiased predictions, the summed variance components were added to the fi nal back-transformed prediction.
The reliability of the back-transformed models in relation to the modelling and stand-level test data was studied by calculating their RMSE ( equation (2) ) and bias ( equation (3) The relative RMSEs and biases of the stand-level estimates were calculated as percentages by dividing the absolute results by the mean of the harvester-measured values.
Test data
The test data used for testing the models consisted of 14 clear-cut stands located in the same area. In contrast to the modelling data, most of the stands were spruce dominated. After the clear cutting in spring -summer 2006, the borders of the stands were delineated by GPS. The stands usually had plenty of retention trees, many of which were dead or otherwise of low commercial value. Groups of more than two retention trees were also located and removed from the fi nal stand delineation. To obtain laser-based estimates of the sawlog volumes in the stands, a grid calculation approach ( Magnussen and Boudewyn, 1998 ) was utilized. Each stand was covered by a 16 × 16-m grid, and laser-based canopy height metrics were calculated for the grid cells in a similar way as for the sample plots. The grid cells that were at least 75 per cent inside the stand borders were accepted for further analysis. The models constructed with the sample plot data were then applied to the accepted grid cells to obtain an estimate of sawlog volume per hectare for each cell. To obtain an estimate of the stand volume, an average of the grid cells located in the stand was calculated. The random effects were not included in the prediction except for the bias correction.
Stand characteristics were calculated from the harvester STM fi les ( StanForD, 2006 ) , which included stem diameters at 10-cm intervals from the stump to the fi nal cut and obtained assortments for each felled tree in the stands. Total tree volume was calculated from stem diameters measured by the harvester, using the formula for the volume of a truncated cone. The total stem volume was accumulated only up to the fi nal cut, but a small percentage representing the volume of the top of the stem ( Tapion taskukirja, 2006 ) was added for each tree to obtain unbiased estimates for total stand volume (V). The theoretical sawlog volume was calculated in a similar manner, but allowed to accumulate only up to the minimum diameter of sawlog, and blocks that reached the minimum diameter but not the minimum length were excluded. The volumes of the timber assortments harvested were calculated by summing the volumes of the blocks according to the assortment codes assigned to them by the harvester ' s bucking software. These characteristics are presented for each test stand in Table 3 .
Results
The models that yielded the most accurate estimates of theoretical and factual sawlog volume in pine-and spruce-dominated sample plots are presented in Table 2 . The laser predictors chosen to predict theoretical sawlog volume also gave the best estimates of factual sawlog volume for both species. In all the models, the dependent variable was square root transformed to stabilize the residual variance. In the pine models, the chosen predictors were the 50 per cent fi rst pulse laser point density quantile, mean fi rst pulse height and the quadratic form of the percentage of the last pulse vegetation hits. The spruce models included only two predictors: the 70 per cent last pulse height quantile and last pulse SD. The models for factual sawlog volume had slightly better back-transformed RMSEs than those for the theoretical volume for both species. However, the estimate for the factual sawlog volume for the modelling data was calculated by using a model of Mehtätalo (2002) and therefore the models ' goodness of fi t is dependent on the goodness of fi t of the Mehtäta-lo ' s model. The residual plots were satisfactory, as the residual variance was fairly stable, except for a few outliers ( Figure 1 ) . A slight lack of fi t caused by the square root transformation could be observed for all models, but it could not be removed without signifi cant reduction in model performance.
The models were back transformed and bias corrected after fi tting, and true sawlog estimates were calculated for each plot. The predicted vs observed sawlog volumes for the different models in the modelling data are presented in Figure 2 .
The fi nal sawlog volume estimates for the harvester cut stands were obtained with these Pine models: n = 253; spruce models: n = 155. F, fi rst pulse refl ection; L, last pulse refl ection; HAvg, average pulse height (m), P50, 50% pulse density quantile (%); H70, 70% pulse height quantile (m); HStdev, pulse height SD (m); Vege, proportion of vegetation hits (%) Note: The predicted sawlog recoveries were square root transformed. models. As the dominant tree species was known for all stands, pine models were applied to 3 and spruce models to 11 of the total of 14 clear-cut stands ( Table 3 ). The fi nal stand-level theoretical sawlog volume RMSE in the test data was 19.2 m 3 ha Ϫ 1 (9.1 per cent) and the bias was − 10.2 m 3 ha Ϫ 1 ( − 4.8 per cent). Factual sawlog volume RMSE and bias were 30.6 m 3 ha Ϫ 1 (18.0 per cent) and − 7.2 m 3 ha Ϫ 1 ( − 4.3 per cent), respectively. These RMSEs were even smaller than those in the modelling data, suggesting that the models function well in their actual range of application. However, the negative biases of the models were fairly high, i.e. the models tended to overestimate the amount of sawlog volume in the stand level ( Figure 3 ) . The biggest errors in theoretical sawlog volume in these stands were overestimates of ~ 30 m 3 ha Ϫ 1 in four stands. The factual sawlog volume bias is almost totally explained by an eyecatching outlier ( Figure 3 ) in which the factual sawlog volume was overestimated by more than 90 m 3 ha Ϫ 1 . When the outlier was omitted, the bias decreased to − 0.6 m 3 ha Ϫ 1 ( − 0.4 per cent) and the RMSE to 18.6 m 3 ha Ϫ 1 (10.7 per cent), i.e. to same level as the theoretical sawlog volume RMSE.
Discussion
Analysis of the results
On closer inspection, some plausible reasons were discovered for the overestimation of the sawlog volumes. One evident reason lies in the test data itself, for even in a clear-cut area some retention trees are left and some smaller understorey trees are removed before cutting. According to the Finnish Forest Certifi cation System (FFCS), at least 5 -10 dead or living retention trees with a d.b.h. of at least 10 cm should be left standing per hectare ( FFCS 1002 ( FFCS -3:2003 . In practice, this would be ~ 2 -5 m 3 ha Ϫ 1 if the retention trees are assumed to be medium-sized relative to the harvested trees. This effect was reduced in the present case, however, by cropping groups of retention trees following the fi nal stand delineation, but there were still a fair number of single trees that were present in the laser data but not in the harvester data. The volume of these trees was not estimated, but the effect should not be more than a few cubic metres per hectare, which does not alone account for the total biases of 7 -10 m 3 ha Ϫ 1 . The number of understorey trees is more diffi cult to estimate, but because of their size, they should not have a signifi cant effect on sawlog volumes. One possible explanation could be the shape of the model: in Figure 3 , it is visible that the theoretical sawlog volume overestimation increases slightly as a function of stand volume. In Figure 1 , the slight lack of fi t is at its largest in the middle range of the square root-transformed x . On the contrary, back-transformed Figure 2 does not show any signifi cant effect, and the validation data of 14 stands are too small to validate this hypothesis; in this small sample, the bias could as well result from random variation.
The differences in estimated and real stump heights can also be a reason for the overestimation of the theoretical sawlog volume, since the model that was applied for the estimation of stump heights for the trees in the plot data may have produced smaller stump heights than were actually left in some of the test stands. Stumps taller than average are common if, for example, trees have defects in the lower parts of the trunk or the ground is rocky or otherwise diffi cult for harvesting. Even a small bias in stump height estimation signifi cantly affects the sawlog recovery, since the accumulation of the volume as a function of height is faster in the lower end of the trunk.
As one examines the factual sawlog volume, the main observation to be explained is the outlier stand ( Figure 3 ) , in which only 39.7 per cent of the total volume could be assigned to sawlogs. The mean sawlog recovery percentage was 64.8, whereas on many stands it was close to 80, so there was clearly something special here. Presumably, the stand was seriously infected by a decaying fungus such as annosus root rot ( Heterobasidion parviporum ). In any case, the sawlog reduction model is unable to identify individual stands affl icted by diseases, but gives only an average sawlog reduction for a certain site type and region ( Mehtätalo, 2002 ) . The inaccuracy of the sawlog reduction model is probably also the reason for the differences in residuals in some individual stands, as the theoretical and factual sawlog models had exactly the same predictors for both species.
The reason for the smaller bias (when the outlier is omitted) in factual sawlog volume is probably the minimum length of the sawlogs, which was set at 31 dm for spruce in the present work, whereas it was 40 dm in Mehtätalo (2002) . Thus, because of the smaller minimum log length, the factual sawlog volume was larger than that predicted by the sawlog reduction model. This effect has been studied by Piira et al. (2007) , who discovered that the sawlog recovery diminished from 78.9 to 76.4 per cent in pine stands and from 78.1 to 76.2 per cent in spruce stands, when the minimum length was increased from 31 to 40 dm. The sawlog reduction model, designed to be unbiased on a large scale, may also be biased locally, which may have affected the results.
As an alternative to using the characteristics of the canopy height distribution in ALS data, an approach based on recognizing individual trees could be used to estimate sawlog volume ( Peuhkurinen et al. , 2007 ) . In such a case, the direct physical characteristics of the trees would be used, since tree height can be obtained from ALS data and an estimate of the tree size distribution at the stand level (in terms of height) can be derived. On the other hand, not all trees can be recognized from ALS data, and thus the assessment of the tree stock will be an underestimate. Detection of suppressed trees and separation of individual trees from tree groups are particularly challenging tasks in this sense (e.g. Maltamo et al. , 2004 ) . Furthermore, to be able to derive timber assortments, tree diameters must fi rst be predicted as an input to the taper curve models. The estimation of tree diameter from tree height and crown diameter (e.g. Kalliovirta and Tokola, 2005 ) is usually problematic, and the result can be inaccurate.
Conclusions
In spite of some problems, direct regression models based on laser-scanned canopy height metrics are capable of producing satisfactory estimates of sawlog volumes in coniferous forests on a local scale. If it is confi rmed that the models perform equally well in different geographical areas, the method will offer an effi cient way of estimating the commercial value of a regeneration stand before clear cutting. However, even the best models may produce rather optimistic results in terms of the factual sawlog volume, especially as some unpredictable defects can exist. A simple means of estimating the effects of varying sawlog dimensions and stand-level features, such as retention trees and disease infections, should be developed to increase the accuracy of ALS-based estimation. Otherwise, disappointments caused by smaller than expected logging incomes can still be expected.
Compared with the earlier studies, the standard errors (SEs) of 9.1 and 18.0 per cent (for theoretical and factual sawlog volumes, respectively) obtained in this study can be considered encouraging. In theoretical studies ( Nyyssönen and Ojansuu, 1982 ; Päivinen, 1983 ) , SEs as low as 2 -7 per cent have been presented for the theoretical sawlog volume. These studies defi ne only the maximum theoretical accuracy that can be reached using accurate tree measurements (i.e. d.b.h., height, species). With non-parametric estimation techniques, the reported relative RMSEs have ranged from 4 to 26 per cent for the saw timber ratios ( Tommola et al. , 1999 ; Weijo, 2000 ; Malinen et al. , 2001 ; Malinen, 2003 ) . The most accurate results presented in these studies, however, have been achieved using accurately measured predictor variables and not taking into account the effect of the defects.
In practical applications, the SE of the factual sawlog recovery has been more than 20 per cent ( Väätäinen, 1998 ) . This corresponds to the reliability of the sawlog volume estimation using the current data collection method, inventory by compartments, which is based on visual assessments and some supportive ground measurements. For example, Haara and Korhonen (2004) reported a SE of ~ 40 per cent in the sawlog volume estimates obtained with the inventory by compartments. Peuhkurinen et al. (2007) demonstrated that it is possible to obtain very accurate sawlog volume estimates with ALS-based individual tree detection method (estimation error ~ 1 per cent). However, they did not consider the effect of the defects and the results were reported only from two test stands. Further studies are needed to evaluate in which situations and for what purposes canopy height distribution method should be preferred over individual tree detection and vice versa. Nevertheless, ALS-based methods are a promising alternative for providing data to support decision making in timber sales management. 
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